MgO has proven effective in the past as a surface passivation layer to minimize current collapse in AlGaN / GaN high electron mobility transistors ͑HEMTs͒. However, MgO is not environmentally stable and more stable oxides need to be developed. MgCaO can be produced that is lattice matched to the GaN. Three samples were grown with 0%, 50% and 75% of Ca, which had respective lattice mismatches of −6.5% for MgO, −1% AlGaN / GaN high electron mobility transistors ͑HEMTs͒ have attracted considerable interest as high power electronics for use in the electric utility industry, defense and space applications, and hybrid vehicles. Fabrication of enhancement mode metal-oxide-semiconductor field-effect transistors ͑MOSFETs͒ on GaN is now a reality but will require a more complete understanding of the formation of the oxide/nitride interface for further reduction of interfacial traps to increase device performance.
AlGaN / GaN high electron mobility transistors ͑HEMTs͒ have attracted considerable interest as high power electronics for use in the electric utility industry, defense and space applications, and hybrid vehicles. Fabrication of enhancement mode metal-oxide-semiconductor field-effect transistors ͑MOSFETs͒ on GaN is now a reality but will require a more complete understanding of the formation of the oxide/nitride interface for further reduction of interfacial traps to increase device performance.
1-7 By contrast, GaN based HEMT devices are more highly developed and are now being fabricated into preliminary monolithic microwave integrated circuit prototypes. However, one major concern with the GaN HEMT device is the reduction of drain current under high source-drain voltage applications. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] This phenomenon, known as current collapse, is believed to be due to traps both at the exposed surface and in the underlying GaN buffer. Currently, this problem is greatly reduced by the addition of a dielectric on the top surface of the final fabricated HEMT structure, which acts as a passivation layer to reduce the surface electrical traps. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] A variety of surface passivation films, including SiN X , MgO and Sc 2 O 3 have proven to provide effect suppression of the crucial collapse problems. Other approaches to reducing current collapse using either growth adjustments or p-surface layers have also been demonstrated. [25] [26] [27] [28] Recently we have reported successful current collapse mitigation by employing 10 nm dielectric films of magnesium oxide or scandium oxide. [20] [21] [22] These oxides have lattice mismatches of −6.5% for MgO and +9.1% for Sc 2 O 3 . It has been indicated in previous crystalline dielectric work that as the lattice mismatch is reduced, the population of interface traps is reduced. As the interface trap density decreases, the passivation effects of the dielectric layer are improved. Typically, the MgO passivation produces a slight improvement over the Sc 2 O 3 passivation, corresponding to the lower lattice mismatch. In this letter we report on the development of lattice matched oxide films to be employed as passivation dielectrics. By adding calcium to MgO, a crystalline film MgCaO can be produced that is lattice matched to the GaN.These films are shown to produce superior surface passivation on HEMT structures than previous MgO results. Moreover, the passivation remains stable over periods of more than 50 days, even at 100°C, which simulates device operating temperatures.
The Author to whom correspondence should be addressed; electronic mail:spear@mse.ufl.edu ͑100 nm͒ were used for characterization of their properties by Auger electron spectroscopy ͑AES͒ and x-ray diffraction ͑XRD͒. Table I shows the characteristics of the three different compositions of films examined. All oxide growth was performed in a modified RIBER 2300 MBE equipped with a reflection high-energy electron diffraction system. Oxide growth was performed using a standard effusions oven containing Mg ͑99.99%͒ operating at 375°C, Ca ͑99.9%͒ operating at 413°C and Sc ͑99.999%͒ operating at 1190°C. Atomic oxygen was supplied from an Oxford MPD21 radio frequency plasma source with 300 W forward power at 8 ϫ 10 −6 Torr oxygen pressure. The addition of Ca at a comparable Mg beam equivalent pressure ͑BEP͒ produced an increase of less than 50% in growth rate. This suggests that the sticking coefficient of the Ca is significantly lower than that of the Mg. Initially conditions were set so that the Mg and Ca fluxes were equal and the substrate temperature was 300°C. An initial shutter sequence of 10 sec of Mg and 10 sec of Ca, repeatedly, with a continuous exposure from the oxygen plasma was used. Atomic force microscopy showed that the digital samples had a slightly smoother surface than the continuous samples. The growth rate of the continuous samples was about twice that of the digital samples. The characteristics of passivated HEMTs were measured in dc and pulsed mode. Fig. 2 . The MgCaO layer shows no evidence of either the MgO or the CaO ͑222͒ peaks, suggesting that phase separation into the two binaries has not occurred. Instead there appears to be a shoulder to the right of the GaN ͑004͒ peak that is not observed in spectra taken from either GaN substrates or MgO layers grown on GaN. This peak is the ͑222͒ peak from the ternary MgCaO. The peak position continues to shift to larger plane spacing relative to the MgO peak as the BEP of Ca is increased. Both of the MgCaO films show closer lattice match to the GaN than pure MgO, i.e., −1% for Mg 0.50 Ca 0.50 O and +4% for Mg 0.25 Ca 0.75 O compared to −6.5% for MgO.
Gate lag measurements were performed as shown in Fig.  3 , where the drain-source voltage V DS was fixed at a low enough voltage ͑3 V͒ to avoid self-heating and the drainsource current was measured as the gate voltage was switched from −5 V to the value shown in the x axis. The measurements were performed at 1 MHz with a 10% duty cycle. There is much less degradation in I DS in the passivated HEMTs compared to the unpassivated devices. Drain saturation current in HEMTs had increases of 4.5% and 1%, respectively, for Mg 0.5 Ca 0.5 O and Mg 0.25 Ca 0.75 O passivated devices. However, there was a 10% decrease for the device passivated with pure MgO. This was due to strain applied on the nitride HEMT by the oxide. The unpassivated devices show a decrease of ϳ50% in drain-source current. This can be effectively mitigated by thin MgCaO layers.
The long-term stability of the passivation by the MgCaO films was examined by Hall measurements. Both environmental and thermal stability are important for the viability of a passivation oxide under processing conditions and device operation. The environmental stability of the oxides was tested under the accelerated aging conditions of 100% humidity and temperatures above 100°C. The stability of the showed only slight differences after annealing. The majority of this difference comes from a change in the capping layer possibly due to recrystallization of the polycrystalline scandium oxide capping layer. More importantly, the interface roughness of the oxide/nitride interface does not appear to be greatly affected by even 1000°C anneals, indicating that the additional Sc 2 O 3 cap layer will play a major role in any additional high temperature processing. Hall effect samples were fabricated from unprocessed HEMT material. The samples were then subjected to the standard HEMT cleaning process and MgCaO passivation deposition. An increase in sheet carrier density of ϳ15% was observed after the passivation process. This trend is consistent with that reported for passivation with SiO 2 and SiN x . [31] [32] [33] [34] These values were stable over several days ͑Fig. 4͒. One sample was annealed at 100°C in a box furnace open to room ambient while the other was maintained at room temperature. These samples were tested for a total of 25 days. No appreciable decrease in the sheet carrier concentration was observed. These results indicate that the passivation is very stable at 100°C. This stability should only increase as the lattice mismatch decreases and the 5 nm Sc 2 O 3 cap is employed.
In summary, the near lattice matched MgCaO grown via a digital alloy approach has proven to be more thermally stable than the currently employed MgO. The approach of a reduced defect density single crystal MgCaO interfacial layer capped with a poly-crystalline Sc 2 O 3 layer represents the most stable heterostructure for passivation.
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